For this purpose, we employ QCD sum rule method on the light-cone by including into analysis the K meson distribution amplitudes up to twist-4. Obtained analytical expressions are utilized to extract parameters of these decay processes which may be useful for forthcoming experimental studies of bottom baryons.
I. INTRODUCTION
Recent discovery of the five narrow Ω 0 c states [1] , and observation of the double charmed baryon Ξ ++ cc by the LHCb Collaboration [2] opened new page in the experimental physics of heavy flavored baryons. They also stimulated new and more detailed theoretical studies of baryons containing one or two heavy quarks which has become one of interesting areas of high energy physics. In fact, variety of interpretations were proposed in Refs. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and Ω ⋆0 c , or even as pentaquark candidates. Additional information on suggested explanations and references to corresponding works can be found in Ref. [4] .
As is seen experimental investigations of the charmed Ω c or double charmed baryons have achieved remarkable successes, whereas the bottom baryons Ω b suffer from deficiency of experimental data. Indeed, in the class of Ω 
On contrary, theoretical studies of the bottom baryons encompass variety of models and methods. The spectra of the ground and excited states of the heavy flavored baryons were studied in the context of the QCD sum rule method [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] , different relativistic and non-relativistic quark models [29] [30] [31] [32] [33] [34] [35] [36] . The magnetic moments, radiative decays, strong couplings and radiative transitions of the heavy flavored baryons were subject of intensive theoretical studies, as well [37] [38] [39] [40] [41] [42] [43] [44] . Sometimes it is difficult to classify uniquely these works basing only on the used methods or assumptions made on the structures of baryons because most of them combines different models and computational schemes. For example, in the relativistic quark model baryons were considered as the heavy-quark-light-diquark bound states [30, 31] . In other papers, QCD sum rule calculations were supplied by methods of the heavy quark effective theory [19, 20, 27] .
New experimental situation necessities a detailed exploration of the Ω b baryons which should embrace parameters of the ground-state and excited baryons, as well as their possible decay channels. As it has been just noted mass spectra of the bottom baryons were studied in numerous works. Recently, in the context of the different approaches these problems were revisited in Refs. [3, 45] . Thus, masses and pole residues of the groundstate and excited Ω b = (1S, 1/2 + ), Ω b = (1P, 1/2 − ), Ω b K − . For these purposes we explore the correlation function
where η(x) and η Ξ b (x) are interpolating currents for the Ω b and Ξ 0 b baryons, respectively. The interpolating current matching quantum numbers and quark content of the Ω b baryons are given by the expression
where C is the charge conjugation operator. The current for spin-1/2 baryons η(x) contains an arbitrary auxiliary parameter β: The case β = −1 corresponds to the well known Ioffe current.
The baryon Ξ 0 b belongs to the anti-triplet configuration of the heavy baryons containing a single heavy quark. The relevant interpolating current η Ξ b is anti-symmetric with respect to exchange of two light quarks, and is given by the expression
As the first step we represent the correlation function Π(p, q) using the parameters of the involved baryons, and determine the phenomenological side of the sum rules. To this end, we write down Π(p, q) in the following form:
where 
where λ and λ ′ are the pole residues of Ω b and Ω ′ b states, respectively. The matrix element of Ξ 0 b is defined by a similar manner
We use also the definitions for the strong couplings:
Employing these matrix elements, and carrying out the summation over s and s ′ in accordance with the prescription
one can easily recast the function Π Phys (p, q) into the form:
Applying the double Borel transformation on the variables p 2 and p ′2 for Π Phys (p, q) we get
where M 
where
The non-local quark-gluon operators appear due to insertion of the gluon field strength tensor G λρ (uv) from quark propagators into s a α u b β . These non-local quark and quark-gluon operators taken between the K meson and vacuum generate K-meson's distribution amplitudes (DAs) of various quark-gluon contents and twists.
Obtained contributions can be graphically represented by Feynman diagrams some of which are plotted in Figs. 1 and 2. The leading order contribution is due to the diagram depicted in Fig. 1 (a) , which describes the perturbative term, where all of the propagators are replaced by their perturbative components. Contribution of this diagram can be found using the K-meson two particle distribution amplitudes of two and higher twists. Components ∼ G λρ in one of the propagators lead to diagrams drawn in Figs. 1 (b) and (c). They are expressible in terms of three-particle DAs of K meson. There are also contributions to Π OPE (p, q) due to gluon, quark and mixed vacuum condensates: we demonstrate some of them in Figs. 2 (a) , (b) and (c), respectively.
Contributions to Π OPE (p, q) determined by twoparticle (a), and three-particle distribution amplitudes of K meson (b) and (c). The sum rules for the strong couplings can be derived after continuum subtraction. There are two known approaches to perform this procedure. Thus, in the context of the first method one calculates a double spectral density ρ OPE (s 1 , s 2 ) as an imaginary part of the correlation function, and using ideas of the quark-hadron duality carries out subtraction. In the second approach it is necessary to get spectral density ρ(s 1 , s 2 ) directly from Borel transformation of the correlation function in accordance with prescriptions developed in Refs. [43, [47] [48] [49] . In this approach for
2 and u 0 = 1/2 (see, text below) the continuum subtraction can be done using simple operations. For example, in the Borel transformation of the correlation function terms
preserve their original form if N ≤ 0, and should be replaced by
if N > 0. The subtracted version of other expressions, which emerge in calculations are collected in the Appendix . In the present work to perform the continuum subtraction we follow these procedures.
To derive the sum rules for the strong couplings it is possible to use different Lorentz structures in Eq. (13).
We have found that structures ∼ / q / pγ 5 and ∼ / pγ 5 are convenient for our purposes. Isolating the corresponding terms in the Borel transformed form of the correlation function Π OPE (p, q) we obtain:
In expressions above the function f (x, y, z) is given as: − can be analyzed as it has been done in previous subsection for the spin-1/2 baryons. To this end, we consider the correlation function
where the interpolating current η µ (x) is given in the form
In order to express the function Π µ (p, q) in terms of the physical parameters of the involved particles we follow the same manipulations as in the case of the spin-1/2 baryons, the difference being only in definitions of the relevant matrix elements. Thus, we employ the following matrix elements for the spin-3/2 baryons
where u µ (p, s) are Rarita-Schwinger spinors, and λ ⋆ and λ ⋆′ are residues of the Ω 
Substituting the matrix elements given by Eqs. (23) and (24) into Π Phys µ (p, q) and performing the summation over the spins in accordance with the expression
we get
In Eq. (26) we have used the notation
For the Borel transformation of Π Phys µ (p, q) we obtain
6.5 − 9.5 6.5 − 9.5 6.5 − 9.5 6.5 − 9.5 s0 (GeV 2 ) 6.6 2 − 6. The required sum rules can be obtained by using invariant amplitudes corresponding to the structures / q / pγ µ and /µ .
The correlation function Π OPE µ (p, q) is determined in terms of numerous distribution amplitudes of the K meson. In Appendix we also provide the explicit expression for double Borel transformed form of the invariant amplitude corresponding to the structure / q / pγ µ . By fixing the same structures in both BΠ Phys µ (p, q) and BΠ OPE µ (p, q) and equating Borel transformed form of the relevant invariant amplitudes, it is possible to get and solve two equations for the strong couplings
These expressions will be used in numerical calculations.
III. NUMERICAL COMPUTATIONS
The obtained sum rules for the strong couplings depend on numerous parameters. First of all, the light-cone propagator of s−quark contains the quark and mixed vacuum condensates numerical value of which ss = −0.8 × (0.24 ± 0.01) 3 GeV 3 , sg s σGs = m b baryon is borrowed from Ref. [50] .
Calculations within the sum rule method imply fixing of the working windows for the Borel parameter M 2 and continuum threshold s 0 , which are two auxiliary parameters of computations. In addition, formulas for the spin-1/2 baryons depend on β arising from the expressions of the interpolating currents η(x) and η Ξ b (x). The mass and pole residue of the excited bottom baryons also appear in the sum rules for the strong couplings as input parameters. In our previous work [3] we evaluated the spectroscopic parameters of the Ω b , Ω Table I . Results for the spin-1/2 baryons were extracted by varying the parameter β = tan θ in Eq. (6) within the limits
which led to stable predictions for their masses and residues.
The choice of M 2 , s 0 and β is not arbitrary, but has to satisfy restrictions of sum rule calculations. Thus, the upper bound of the working region for M 2 is obtained from the constraint imposed on the pole contribution
where Π OPE (M 2 , s 0 , β) is the Borel transformation of the relevant correlation function after continuum subtraction.
The lower limit of the Borel parameter M 2 is determined from exceeding of the perturbative contribution over the nonperturbative one as well as convergence of the operator product expansion. In the present work we apply the following criteria: at the lower bound of the Borel window the perturbative contribution has to constitute ≥ 80% part of the corresponding sum rule, and contribution of the highest dimensional term (i.e., in our case Dim9 term ) should not exceed 1% of the whole result.
The limits within of which the parameter s 0 can be varied are determined from the pole to total contribution ratio to achieve its greatest possible value. Quantities extracted from sum rules have also to demonstrate minimal dependence on M 2 while varying s 0 in the allowed domain.
Finally
In the choice of the regions for M 2 , s 0 , and β we keep in mind that sum rules for masses and pole residues of the excited Ω b baryons also depend on these parameters. Because they enter as input quantities to sum rules for the strong couplings a deviation from regions found in Ref. [3] may generate additional uncertainties.
Analysis carried out in accordance with these requirements enables us to fix the parameters M 2 , s 0 and β. Thus, for both the spin-1/2 and spin-3/2 bottom baryons the working region for the Borel parameter is
The regions for the continuum threshold s 0 depend on type of the Ω b baryon under consideration. For calculation of the strong coupling of 1P and 2S excitations of the spin-1/2 baryon we use
respectively. For the same excited states of the spin-3/2 baryon we get
For spin-1/2 particles the parameter β is fixed as in Eq.
.
In regions chosen for M 2 , s 0 and β the sum rules comply aforementioned constraints. Thus, in Fig. 3 we plot the pole contribution to the sum rule for g Ω ⋆ b Ξ b K , which at M 2 = 9.5 GeV 2 equals to 64% of the whole contribution, and reaches 75% of its value in the case of g Ω ⋆′ b Ξ b K .
In Fig. 4 we compare the perturbative and nonperturbative contributions to the strong coupling g baryons. By such choice of working windows for M 2 , s 0 and β we also evade appearance of additional theoretical uncertainties.
The strong couplings of the excited spin-1/2 Ω b baryons equal to:
For couplings of the Ω ⋆ b baryons we get
Here we provide also theoretical errors of our predictions essential part of which comes from uncertainties in the choice of the auxiliary parameters M 2 and s 0 (for spin-1/2 baryons also from β). Theoretical errors vary from
Ξ b K and do not exceed 30% of the central values, which is an accuracy accepted in QCD sum rule calculations. To demonstrate a sensitivity of the obtained results to choice of these parameters in Figs. 6, 7 and 8 we plot 
and for Ω
The predictions for width of the decay processes given by Eqs. (38) and (39) are our final results. 
IV. CONCLUDING REMARKS
In the present study we have investigated the decay processes involving the orbitally and radially excited spin-1/2 and spin-3/2 bottom baryons Ω b and Ω ⋆ b , respectively. It is worth noting that the hadronic processes with heavy baryons and their excitations are interesting from theoretical point of view, but after discoveries of the LHCb Collaboration they are on agenda of the experimental collaborations, as well.
In our previous works [3, 4] we have explained four of the recently discovered five narrow charmonium-like resonances as the first orbital and radial excitations of the spin-1/2 and spin-3/2 Ω c and Ω ⋆ c baryons. The masses of their bottom counterparts were already calculated in Ref. [3] . The mass range of the bottom baryons obtained there indicates that the mass splitting between (1P, 1/2 − ) and (1P, 3/2 − ) baryons, and between (2S, 1/2 + ) and (2S, 3/2 + ) baryons is small. At the same time, there is a mass gap between 1P and 2S states, which may be occupied by "fifth" resonance. In the present work we have computed the widths of the four 1P and 2S baryons' decays to Ξ bottom baryons and measure their spectroscopic and dynamical parameters.
Appendix: The correlation functions and K meson DAs
In this Appendix we provide explicit expressions for double Borel transformed form of the invariant amplitude Π 1 (M 2 ) for spin-1/2 baryons, as well as the double Borel transformed form of the invariant amplitude corresponding to the structure / q / pγ µ in the correlation function of the spin-3/2 baryons.
For Π 1 (M 2 ) we get:
For the structure / q / pγ µ in spin-3/2 baryons' correlation function we find: [52] , whereas for decay constant of K meson f K = 0.16 GeV, and for η 3 = 0.015, η 4 = 0.6, w 3 = −3, w 4 = 0.2 we use estimations from Ref. [51] . Information on other distribution amplitudes of K meson can be found in Refs. [51, 52] .
Here we have also collected formulas, which can be applied in the continuum subtraction. In the left-hand side of the formulas we present the original forms as they appear after double Borel transformation, whereas in the right-hand side we provide their subtracted version used in sum rule calculations: It is worth to note also the expressions 
